ABSTRACT The seasonal variations of grapevine yellow phytoplasma were investigated in four phloem-feeding planthopper and leafhopper species that are vectors of plant disease agents. In total, 1,148 wild specimens were collected from three vineyard agroecosystems in the Marche region (centralÐ eastern Italy), from May to September 2008, and analyzed using polymerase chain reactionrestriction fragment-length polymorphism methods. Of 525 Euscelis lineolatus Brullé , 25.1% were positive for aster yellow phytoplasma (16SrI-C, 16SrI-B subgroups) and stolbur phytoplasma (16SrXII-A subgroup; Vergilbungskrankheit type I [VK-I]). Of 368 Hyalesthes obsoletus Signoret, 19.3% were positive for the 16SrXII-A subgroup (VK-I, VK-II; mainly according to their host plant). Of 146 Neoaliturus fenestratus (HerrichÐSchäffer), 15.1% were positive for the 16SrI-C and 16SrI-B subgroups, and 7.3% of 109 Psammotettix alienus (Dahlbom) were positive for the 16SrI-B subgroup. The total inoculation efÞciency in the feeding medium assays was 57.1% for P. alienus, 44.7% for E. lineolatus, 44.4% for N. fenestratus and 33.9% for H. obsoletus. All of the phytoplasma subgroups identiÞed in the insect bodies were also detected in their feeding media. Detection of stolbur phytoplasma in E. lineolatus feeding media strengthens the hypothesis that it is a candidate vector of Bois noir disease causal agent. The phytoplasma subgroups detected in the Auchenorrhyncha species showed variations according to season and/or vineyard agroecosystem. This study highlights the different speciÞcities of these phytoplasmaÐAuchenorrhyncha species relationships, and suggests a primary role of the entire vineyard agroecosystem in the epidemiology of grapevine yellow phytoplasma diseases.
The grapevine yellows (GYs) are severe diseases that constitute a serious phytosanitary problem in many vineyards throughout the world (Caudwell 1961 , Belli et al. 2010 . The causal agents are phytoplasma, which are nonculturable degenerate gram-positive prokaryotes that are obligate symbionts of plants and insects. These phytoplasma need both of these hosts for their dispersal in nature Beanland 2006, Hogenhout et al. 2008) . Although GYs are associated with different phytoplasma, infected grapevine (Vitis vinifera) show the same symptoms, which include chlorosis and downward rolling of leaves, stunted shoots, and shriveling of berries, which makes them unsuitable for wine production.
GYs show considerable differences in epidemiology, because of the different life histories of their respective vectors (Lee et al. 1998) . In northern and central Italy, the most important GY diseases are: ßa-vescence doré e (FD), which is associated with elm yellow (EY) phytoplasma (16SrV-C/D subgroups), which is widespread mainly in the northern areas, and Bois noir (BN), which is associated with stolbur phytoplasma (16SrXII-A subgroup). Aster yellow (AY) phytoplasma (16SrI group) and X-disease phytoplasma (16SrIII group) also occur sporadically in grapevine (Alma et al. 1996 , Romanazzi et al. 2008 , Gajardo et al. 2009 ).
The known or candidate vectors of GY diseases are the phloem-feeding Auchenorrhyncha species (Weintraub and Beanland 2006) . Within the GY group, FD is the best described of these diseases (Daire et al. 1993) , and its natural vector is the monophagous leafhopper Scaphoideus titanus Ball (Auchenorrhyncha, Cicadellidae) (Vidano 1964) . BN or ÔVergilbungskrankheitÕ (VK) is endemic to Europe and the Mediterranean area, and it has spread considerably over recent decades, which is causing increasing harm in affected vineyards. Stolbur phytoplasma can be found in a wide range of vegetable crops as well as grapevine, such as Solanum lycopersicum (tomato), Solanum tuberosum (potato), and weed species such as Amaranthus retroflexus (red-root amaranth), Calystegia sepium (hedge bindweed), Cirsium arvense (Canada thistle), Convolvulus arvensis (Þeld bindweed), Datura stramonium (jimsonweed), and Urtica dioica (nettle). It can be transmitted by the polyphagous planthopper Hyalesthes obsoletus Signoret (Auchenorrhyncha, Cixiidae) (Maixner 1994 , Sforza et al. 1998 . Grapevine represents a dead-end host for the stolbur phytoplasma, which is only incidentally transmitted by H. obsoletus from other host plants to the grapevine (Weintraub and Beanland 2006) .
The main host of H. obsoletus and stolbur phytoplasma are nettle (Langer and Maixner 2004 , Riolo et al. 2007 , Kessler et al. 2011 and Þeld bindweed (Maixner 1994 , Sforza et al. 1998 , Riolo et al. 2007 ). These two host plants can harbor speciÞc stolbur phytoplasma types, which have also been found in H. obsoletus specimens: Vergilbungskrankheit type I (VK-I), associated with nettle, and VK type II (VK-II), associated with Þeld bindweed (Langer and Maixner 2004, Riolo et al. 2007 ). The different stolbur types appear to have different roles in disease epidemics, which depend on the geographical areas (Bertaccini et al. 2006, Langer and Maixner 2004) .
The epidemiology of GYs involves a complex interaction among their natural vectors and host plants, which show different susceptibilities to the pathogens (Bosco et al. 1997 , Firrao et al. 2007 ). Moreover, the abundance of the Auchenorrhyncha species and their movements inside vineyard agroecosystems can be affected by different cultivation practices (Bressan 2009, Kehrli and Delabays 2012) , pedoclimatic conditions, and presence/distribution of their host plants (Riolo et al. 2007 (Riolo et al. , 2012 Johannesen et al. 2008; Maixner 2010) .
Therefore, these phytoplasma can occupy multiple ecological niches in nature, which provides them with ample opportunity to interact and exchange genetic information and to give rise to various infection pathways (Christensen et al. 2005) . The resulting new relationships can often lead to increased virulence because of ÔmaladaptationÕ with their hosts, to competition between pathogen strains (Elliot et al. 2003) , and/or to effects on vectorÐphytoplasma interactions (Lee et al. 1998 ). For these reasons, an aspect of fundamental importance in epidemiological studies of GYs is to know the phytoplasma infection levels of the known vectors and candidate vectors, and their ability to inoculate the phytoplasma.
One method to identify the presence of the phytoplasma in the insect saliva is known as the artiÞcial feeding-medium assay. This assay is performed by feeding insects on an artiÞcial diet through ParaÞlm, after which the phytoplasma can be detected in the sucrose feeding medium using polymerase chain reaction (PCR). This method beneÞts from a signiÞcant reduction in the time needed when compared with analysis of the phytoplasma transmission to host plants. The method is also noninvasive and minimizes the effects of the insectÐplant interactions in the inoculation phase (Tanne et al. 2001 , Pinzauti et al. 2008 .
Current information on GY vectors is still largely incomplete. Other leafhoppers and planthoppers have been shown to be involved in GY diseases (Weintraub and Beanland 2006) . Furthermore, it is clear that H. obsoletus is not the only natural vector of BN, as this disease can also spread actively in areas where this planthopper does not occur (Battle et al. 2000) .
Studies performed in vineyard agroecosystems affected by BN disease have shown that in addition to H. obsoletus, high population abundance is seen for Euscelis lineolatus Brullé (Auchenorryncha, Cicadellidae), Neoaliturus fenestratus (HerrichÐSchäffer) (Auchenorryncha, Cicadellidae), and Psammotettix alienus (Dahlbom) (Auchenorryncha, Cicadellidae) (Riolo et al. 2006) .
E. lineolatus is a vector of AY phytoplasma (16SrI-C subgroup) (Weintraub and Beanland 2006) . In addition, in Italy, E. lineolatus has been found to be positive for stolbur phytoplasma (16SrXII-A subgroup) (Prota et al. 2006) . N. fenestratus is a known vector of safßower phyllody (16SrI-B subgroup) (Weintraub and Beanland 2006) , lettuce phyllody, and wild-lettuce phyllody (16SrIX group) (Salehi et al. 2007) . N. fenestratus has also been shown as positive for AY (16SrI-B subgroup) and stolbur (16SrXII-A subgroup) phytoplasma (Orenstein et al. 2003 , Riolo et al. 2006 , and recently shown to transmit phytoplasma belonging to peanut witchesÕ broom (16SrII-E subgroup) (Mitrović et al. 2012) . P. alienus is a vector of wheat dwarf virus and AYs (16SrI-B and 16SrI-C subgroups) Beanland 2006, Mitrović et al. 2012) . In Sardinia (Italy), P. alienus has also been found positive for AY (16SrI-B subgroup), EY (16SrV-A subgroup), and stolbur (16SrXII-A subgroup) phytoplasma (Prota et al. 2006) . These polyphagous Auchenorrhyncha species might thus be involved in GY diseases because can usually be collected on wild herbaceous plants, although they can also be ampelophagous species (Riolo et al. 2010) .
The aim of the current study was to investigate the natural infection and seasonal variations of GY phytoplasma in wild adult populations of H. obsoletus, E. lineolatus, N. fenestratus, and P. alienus, in three vineyard agroecosystems (Marche region, centralÐ eastern Italy) affected by BN. Moreover, we analyzed the phytoplasma inoculation of these four Auchenorrhyncha species using the artiÞcial-membrane feeding-medium technique.
Materials and Methods
Sampling Sites and Collection. The sampling of H. obsoletus, E. lineolatus, N. fenestratus, and P. alienus adults (males and females) was carried out in 2008, from early May to early September, in three commercial vineyards (10 Ð15 yr old) located in the Marche region of central-eastern Italy (Fig. 1) .
In two of the three vineyards, located in the Castelferretti area (Ancona district; 43Њ 36Ј N, 13Њ 23Ј E) and in the Morrovalle area (Macerata district; 43Њ 18Ј N, 13Њ The leafhopper and planthopper sampling was carried out on the wild herbaceous plants growing both in the vineyards and along their borders: every 2 wk, over 0.4 to 0.5 ha for each site, and using a standard circular sweep-net for the capture of live specimens. In particular, H. obsoletus specimens were captured according to its main herbaceous host plants: nettle and Þeld bindweed.
Inoculativity Assays. The collected specimens were submitted to the artiÞcial feeding-medium assays, according to the methods proposed by Tanne et al. (2001) , with some minor modiÞcations. The specimens collected were initially caged for 8 h with 5% sucrose solution in petri dishes sealed with ParaÞlm, with the aim of the elimination of false positives associated with phytoplasma that had adhered to the stylet tissues upon feeding. The specimens were then submitted to the inoculativity assay, in microcentrifuge tubes (1.5 ml) adapted as described by Tanne et al. (2001) . The bottom ends of these tubes were cut off and the cut ends were covered with gauze. The caps were Þlled with 200 l feeding medium, of 5% sucrose, and 0.5% sorbitol in TE buffer (10 mM Tris, 1 mM ethylenediaminetetraacetic acid [EDTA] , and pH 8.0), and sealed with ParaÞlm. Individual leafhoppers or planthoppers were placed into each microcentrifuge tube.
The microcentrifuge tubes were incubated horizontally in a climate chamber at 25ЊC for 72 h. Mortality of the specimens was recorded after 24, 48, and 72 h from the beginning of the assay. All of the specimens and their recovered feeding media were stored at Ϫ20ЊC.
Phytoplasma Detection in Insect Bodies and Feeding Media. The DNA extraction used whole insect bodies, following a hexadecyltrimethylammonium bromide (CTAB) method. Brießy, each specimen was ground in liquid nitrogen, and 500 l CTAB buffer was added (1% wt:vol CTAB, 100 mM Tris-HCl, pH 8.0, 20 mM EDTA, 1.4 M NaCl, and 0.5% vol:vol ␤-mercaptoethanol). The samples were incubated at 65ЊC for 20 min, extracted with chloroform/octanol (24:1, vol: vol), and precipitated with isopropanol. The pellet was resuspended in 30 l TE buffer.
The DNA was extracted from the recovered feeding media of the phytoplasma-carrying specimens. Brießy, the feeding solution was centrifuged at 12,000 ϫ g for 15 min. Then 10 l 0.5 M NaOH was added to the pellet, followed by 20 l one M Tris-HCl (pH 8.0) containing 1% sodium dodecyl sulfate and 20 mM EDTA. The mixture was incubated at 65ЊC for 20 min, precipitated with two volumes of ethanol, resuspended in 30 l TE buffer, and stored at Ϫ20ЊC.
The molecular detection of phytoplasma in the DNA extracted from whole insect bodies and from feeding media was carried out using nested PCR followed by restriction fragment length polymorphism (restriction fragment-length polymorphism) analysis, for detection of the GY-associated phytoplasma groups of: AY (16SrI), X-disease (16SrIII), EY (16SrV), and stolbur (16SrXII).
Brießy, nested PCR analysis was carried out with the P1 (Deng and Hiruki 1991) and P7 (Smart et al. 1996) universal phytoplasma primer pair, and successively with the following speciÞc primers: R16(I)F1/R1 for the 16SrI and 16SrXII-A groups, R16(III)F1/R1 for the 16SrIII group, and R16(V)F1/R1 for the 16SrV group (Lee et al. 1994) . Each reaction was performed in a total volume of 18 l, which contained 20 Ð30 ng/l DNA, 9 l 2ϫ Ready Mix TaqPCR Reaction Mix (SigmaÐAldrich, St. Louis, MO), and 1 M of each forward and reverse primer. All of the PCR ampliÞcations were conducted using a thermal cycling iCycler PCR machine (BioÐRad, Hercules, CA), according to the following parameters: one denaturation cycle of 5 min at 94ЊC, then 36 cycles with a denaturing step of 1 min at 94ЊC, annealing for 2 min at 50ЊC, and elongation for 3 min at 72ЊC. The Þnal cycle was for 10 min at 72ЊC.
The fragments obtained from the R16(I)F1/R1 primers were digested with the MseI restriction enzyme (Alma et al. 1996) ; according to this procedure, 15 l of the PCR product was digested with 7 U MseI (New England BioLabs, Hitchin, United Kingdom), for at least 4 h at 37ЊC, in the buffer supplied.
The DNA extracted from positive specimens for the stolbur group and from their corresponding feeding media were further investigated, to identify the speciÞc phytoplasma types (Langer and Maixner 2004) . The nested PCR was performed on the nonribosomal sequence that encodes the elongation factor Tu (the tuf gene), using the Tuf1f/r primers, followed by ftufAY/rtufAY (Schneider et al. 1997 ). The PCR products were digested using HpaII, according the procedure proposed by Langer and Maixner (2004) . All of the PCR and digestion products were electrophoresed in 1.5% agarose gels, and then visualized with a ultraviolet (UV) transilluminator after staining with ethidium bromide.
Selected proÞles obtained from the digests with the MseI and HpaII enzymes were sequenced on both strands at BMR Genomics S.r.l. (Padova, Italy). Sequence similarity searches were performed at the National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/). Multiple sequence alignments were aligned using Clustal_X (Thompson et al. 1997) . Phylogenetic trees were constructed using MEGA3 (http://www.megasoftware.net/index.html) (Kumar et al. 2004) according to the neighbor-joining method (Saitou and Nei 1987), with 1,000 bootstrap replicates. The sequences have been deposited in the NCBI GenBank.
Statistical Analysis. The inoculativity assay data were subjected to one-way analyses of variance (ANOVA) for means comparisons, and signiÞcant differences were calculated according to TukeyÕs tests, for P Յ 0.05. All of the data were expressed as percentages and the means of all of the individual assays performed for each specimen are shown. The squareroot transformation was used to normalize the data before statistical analysis. The data on the seasonal variations of the phytoplasma were analyzed descriptively, as not all of each of the four Auchenorrhyncha species were collected in each vineyard agroecosystem. The nested-PCR-restriction fragment-length polymorphism assays performed with the insect bodies and the feeding media showed the presence of GY phytoplasma of the AY (16SrI) and stolbur (16SrXII) groups. No X-disease (16SrIII) and EY (16SrV) phytoplasma groups were identiÞed. Three different electrophoresis proÞle patterns were identiÞed after MseI digestion (data not shown). Blast searches showed that the sequence EUC4 (Accession No. KC243397) from E. lineolatus and NUC1 sequence from N. fenestratus (Accession No. KC243395) were 99% similar to the ÔCa. Phytoplasma asterisÕ-related strain 16SrI-C subgroup, to Clover phyllody phytoplasma (strain CPh, AF222065.1 from Canada), and to Czech Echinacea purpurea phytoplasma (strain CPh, EF546778.1 from, Echinacea purpurea, Czech Republic). Sequences EUM1 from E. lineolatus (Accession No. KC243398), NUM2 from N. fenestratus (Accession No. KC243400 and PAC3 from P. alienus (Accession No. KC243396) were 99% similar to Ca. Phytoplasma asteris-related strains of the 16SrI-B subgroup, to AY phytoplasma (strain Btsv2S.i.9, AY180943.1, from Scaphytopius irriratus, Texas), and to Alfalfa stunt phytoplasmaÕ strain AlfS-L (strain AlfS-L, GU289675 from Medicago sativa L., Lithuania). The sequence EUST1 from E. lineolatus (Accession No. KC243401) and the HYST2 sequence from H. obsoletus (Accession No. KC243399) showed 99% similarity to ÔCa. Phytoplasma solaniÕ 16SrXII-A stolbur-related strain (BN-Op37, EU836656.1, from Vitis vinifera, Italy), and to AY735663.1 (Clone b from grapevine, Chile).
Results

Inoculativity Assays and
The PCR-restriction fragment-length polymorphism analysis of the stolbur tuf gene identiÞed the VK-I and VK-II types, with the selected tuf gene sequences from H. obsoletus, isolates HYT1 and HYT2, deposited in the NCBI GenBank under Accession Nos. KC243393 and KC243394, respectively. Blast search showed high degrees of similarity (99%) of KC243393 with isolates BN-Fc76, GU220560.1 and BN-Ab170, GU220561.1 from grapevine, Italy, while KC243394 was similar (99%) to isolates R47/5, FJ394552.1 from grapevine, Italy and STOL 11, JQ797670.1 from periwinkle, Italy.
The phylogenetic relationships of the 16S rDNA and tuf genes with the phytoplasma proÞle detected in this study are shown in Fig. 2 . The phytoplasma subgroups identiÞed in the insect bodies and in the feeding media analyzed are shown in Table 1 .
According to the inoculativity assays, N. fenestratus and P. alienus showed the highest average percentages of specimens that survived (58 and 72%, respectively) (Fig. 3c, d ). The highest average percentages of the total phytoplasma-PCR-positive insect bodies in the specimens that survived were seen for E. lineolatus (46.5%) and P. alienus (75%) (Fig. 3b, d) . The highest values of positive samples were detected in dead specimens of N. fenestratus recorded at 72 h (34.4%), and of H. obsoletus recorded at 24 and 48 h (34.7 and 26.7%, respectively) (Fig. 3a, c) . The phytoplasma were detected in the feeding media starting from 24 h after the assays, beginning with H. obsoletus, E. lineolatus, and N. fenestratus. In P. alienus, the phytoplasma were only detected in the feeding media of specimens that survived the assays (Fig. 3aÐ d) .
Seasonal Variations in the Detection and Characterization of GY Phytoplasma. H. obsoletus specimens were collected mainly in July from nettle at the Castelferretti and Serrapetrona sites, along the vineyard borApril 2013 LANDI ET AL.: VECTORS OF GRAPEVINE YELLOWS IN VINEYARD AGROECOSYSTEMSders, and from Þeld bindweed only in the vineyard at Castelferretti. In this planthopper, only the stolbur phytoplasma was detected, and its natural infection ranged from 12.9 to 20.6% of the specimens collected from nettle, and from 16.7 to 31.4% of the specimens collected from Þeld bindweed ( Table 2 ). The tuf type gene analysis identiÞed VK-I and VK-II. Only VK-II was identiÞed in H. obsoletus specimens collected on Þeld bindweed while both tuf types were detected in the specimens from nettle. In particular, at the beginning of July, only VK-I was identiÞed in the planthopper bodies, while at the following collection (20 July), both VK-I and VK-II were detected (Fig. 4) .
E. lineolatus was collected in all of the vineyard agroecosystems investigated from May to August. At the Castelferretti site, the frequency of phytoplasmapositive insect bodies, in this leafhopper species was low and constant from May to June, and then increased from June to the end of July, to 48.4% (Table  3) . At the Morrovalle site, E. lineolatus showed a high level of phytoplasma in early May (26.1%) that decreased to late June (7.1%), and then increased again in July (57.1%) ( Table 3 ). In the E. lineolatus collected at the Serrapetrona site, the phytoplasma level was 36.4% in late June, and then decreased to 20.0% by the end of July (Table 3) .
For the seasonal variation of the GY phytoplasma subgroups in E. lineolatus, at the Castelferretti site, only the AY subgroup 16SrI-C was detected, except at the end of June when 71.4% of the AY subgroup 16SrI-B was also detected (Fig. 4) . At the Morrovalle site, the AY subgroups 16SrI-C and/or 16SrI-B were detected in the E. lineolatus specimens. At this site, only the AY subgroup 16SrI-B was detected at the end of June, while at the end of July there was only the AY subgroup 16SrI-C (Fig. 4) . At the end of May, one specimen showed a mixed infection of phytoplasma (AY subgroups 16SrI-B and 16SrI-C) (Fig. 4) . At the Serrapetrona site in the E. lineolatus specimens, the AY subgroups 16SrI-B, 16SrI-C, and stolbur (16SrXII-A subgroups) were identiÞed, with the AY subgroup 16SrI-C predominant. In early July, 13.6% of the positive E. lineolatus (three specimens collected on nettle) harbored stolbur (16SrXII-A subgroup, VK-I), and one specimen showed the AY subgroup 16SrI-B too. In the same vineyard, similar mixed phytoplasma were detected in one of the E. lineolatus specimens analyzed at the end of July (Fig. 4) .
N. fenestratus was collected from May to September at the Castelferretti and Morrovalle sites, but not on all of the sampling dates. Here, the natural phytoplasma infection was 12.9% at Castelferreti and 20.0% at Morrovalle (Table 4) . N. fenestratus specimens collected at Castelferretti harbored the AY subgroup 16SrI-C, while those collected at the Morrovalle site harbored the AY subgroup 16SrI-B (Fig. 4) . P. alienus was collected from May to September at both the Castelferretti and Morrovalle sites. According to the sampling data, the total natural phytoplasma infection was 10.9% at Castelferreti and 4.8% at Morrovalle (Table 5) , and for these two sites only the AY subgroup 16SrI-B was identiÞed (Fig. 4) . Fig. 3 . Inoculativity assays performed for the H. obsoletus (a), E. lineolatus (b), N. fenestratus (c), and P. alienus (d) specimens collected at all of the sites: (A) mortalities of the specimens after 24, 48 and 72 h from the beginning of the assay, and the specimens that survived over 72 h (72*); (B) phytoplasma-positive specimens; (C) phytoplasma-positive feeding media. Phytoplasma levels were determined by nested PCR-restriction fragment-length polymorphism analysis of the specimens picked up at each time point of the assay (H. obsoletus, n ϭ 6; E. lineolatus, n ϭ 16; N. fenestratus, n ϭ 8; P. alienus, n ϭ 8). For each trait, the means followed by at least one common letter are not signiÞcantly different, according to the TukeyÕs test (P Յ 0.05). The Y-axis represents the relative average percentage of dead specimens, live specimens, positive specimens, and positive feeding media. 
Discussion
The current study shows that the H. obsoletus, E. lineolatus, N. fenestratus, and P. alienus vector species have potential roles in BN and other GY phytoplasma epidemiological cycles in vineyard agroecosystems of the Marche region. The abundance of these four phloem-feeding Auchenorrhyncha species changed through the season according to the vineyard agroecosystem. This situation might be associated with the presence of their herbaceous host plants, which is also dependent on the vineyard cultivation practices and/or changes in climatic conditions (Bressan 2009 , Maixner 2010 . The most H. obsoletus specimens were collected from nettle, which is known to be the main plant host for the larval development of H. obsoletus in Italy (Lessio et al. 2007 , Riolo et al. 2007 ).
H. obsoletus, E. lineolatus, N. fenestratus, and P. alienus specimens harbored the phytoplasma subgroups, according to the Auchenorrhyncha species and/or the vineyard agroecosystems. All of the phytoplasma subgoups identiÞed were detected both in Auchenorrhyncha bodies and in their feeding medium. To our knowledge, these inoculativity assays indicate for the Þrst time that E. lineolatus is a new candidate vector of the stolbur phytoplasma, the causal agent of BN disease. It remains for us to evaluate the effective ability of this leafhopper to inoculate the stolbur phytoplasma into the phloem of the grapevine, a funda- Fig. 4 . GY phytoplasma subgroups identiÞed using the MseI restriction fragment-length polymorphism patterns of PCR reaction amplicons primed by the 16SrI and 16SrXII group-speciÞc primers, R16F1/R16R1, in E. lineolatus, H. obsoletus, N. fenestratus, and P. alienus bodies, according to the sites and sampling dates. In the specimens of H. obsoletus and E. lineolatus positive for the 16SrXII-A stolbur subgroup, the VK-type I and VK-type II are shown. mental condition for the transmission of the phytoplasma. However, the quantitative feeding-medium assay data might be overestimated (the host plant might be partly tolerant and only some inoculation events might result in transmission) or underestimated (phytoplasma might be present in the diet at a low number, and in addition they are rapidly degraded) (Bosco and Tedeschi 2013) . In this last case, the use of a more sensitive detection method such as quantitative realtime PCR might improve the detection of the phytoplasma (Hren et al. 2007 ).
In the current study, all of the H. obsoletus specimens collected from Þeld bindweed harbored the VK-II type. However, the H. obsoletus specimens collected on nettle carried the VK-I type in early July, while by late July, both the VK-I and VK-II types were found. In our previous study in the same agroecosystems, VK-I type was detected in nettle and VK-II types in bindweed (Riolo et al. 2007) . The movement of H. obsoletus from Þeld bindweed toward nettle in the middle of the summer can be suggested here. In the Marche region, nettle is the only known H. obsoletus primary host (a plant on which it develops as larvae), although the dispersion of this planthopper depends also on the Þeld bindweed spatial distribution and on intraspeciÞc and interspeciÞc competition effects (Riolo et al. 2007 (Riolo et al. , 2012 .
In the E. lineolatus specimens (collected also from nettle), an interesting seasonal trend for the phytoplasma subgroups was observed: a predominance of the AY subgroup 16SrI-C was detected initially, in May, while the AY subgroup 16SrI-B appeared and/or increased from the end of June to early July. Moreover, in July, the stolbur (16SrXII-A subgroup, VK-I) was also detected in E. lineolatus. In N. fenestratus specimens, the phytoplasma subgroups presence might be affected by the vineyard agroecosystem; indeed, with N. fenestratus, only the AY subgroup 16SrI-B was detected at the Morrovalle site, while only the AY subgroup 16SrI-C was detected at the Castelferretti site. However, the P. alienus specimens collected at both of these sites carried only the AY subgroup 16SrI-B.
The seasonal dynamics changes in the phytoplasma subgroups in the investigated Auchenorrhyncha species might depend primarily on the different phytoplasma reservoirs in their herbaceous host plants in any particular vineyard agroecosystems through the season. Pathogen titers in individual plant hosts frequently vary according to organs (Siddique et al. 1998) and growth (Saracco et al. 2006 ). Moreover, leafhoppers alter their feeding behavior depending on the plant host (Backus et al. 2005) . It has also been observed that phytoplasma titers in insect vectors change according to insect species and acquisition period (Bosco et al. 2007 , Frost et al. 2011 . These might affect the vector-acquisition efÞciency and their transmission capability (Galetto et al. 2011) .
The phytoplasma belonging to AYs (subgroups 16SrI-C and 16SrI-B) are spread worldwide and are associated with phyllody and virescence of many herbaceous plant species (Seemü ller et al. 1998) . The sporadic presence of AYs (subgroups 16SrI-B and 16SrI-C) has been reported in grapevine (Alma et al. 1996 , Gajardo et al. 2009 , Belli et al. 2010 . In the sites investigated in the current study for grapevine, phytoplasma belonging to stolbur (16SrXII-A subgroup) were detected, but AYs (subgroups 16SrI-C and 16SrI-B) were not found (Romanazzi et al. 2008) .
Nevertheless, on the basis of our observations, the absence of detection of the AYs (16SrI) in these grapevines can be explained according to two hypotheses: 1) low grapevine susceptibility to phytoplasma belonging to this group; and/or 2) Auchenorrhyncha species are not efÞcient vectors of this phytoplasma group to grapevine.
In previous studies, it has been seen that low pathogenicity or mutualistic effects are liked to occur only in well-adapted vectors (Marzachõ et al. 2004 ). In our study, E. lineolatus showed a less speciÞc relationship with the phytoplasma groups and subgroups, compared with the other Auchenorrhyncha species studied. In addition, the abilities of the different phytoplasma-carrying specimens to survive under the inoculativity assay stress conditions provides useful nc ϭ no collected; WB ϭ whole bodies; FM ϭ feeding media.
April 2013 LANDI ET AL.: VECTORS OF GRAPEVINE YELLOWS IN VINEYARD AGROECOSYSTEMSinformation to improve our knowledge of the long co-evolution system of phytoplasmaÐinsect interactions. It has generally been assumed that a long coevolution between a pathogen and its host results in a dynamic selection process toward nondeleterious and beneÞcial relationships (Elliot et al. 2003 , Maixner 2010 . In particular, our data suggest a more long co-evolution E. lineolatus-phytoplasma, with a limited co-evolutionary association between H. obsoletus and stolbur.
Finally, E. lineolatus might have an important role in stolbur phytoplasma epidemiology, because in the current study it was more abundant and showed a higher infection rate compared with H. obsoletus.
We conclude that our data conÞrms that H. obsoletus is the most-frequent infective vector species for the stolbur phytoplasma associated to BN, which thus highlights a key role for this planthopper in BN stolbur phytoplasma spread; however, we cannot exclude that other Auchenorrhyncha species are also involved in the epidemiology of this disease. In particular E. lineolatus, which might have a less speciÞc relationship with stolbur phytoplasma, might also have a major role in the establishment of secondary natural epidemiological cycles of BN, with the consequence of the providing of new genetic information that can affect disease virulence (Maixner 2010 ).
The current study shows the complex relationships among H. obsoletus, E. lineolatus, N. fenestratus, and P. alienus and the phytoplasma groups and subgroups associated both to BN and to other GYs. In particular, these data show the different speciÞcities/relationships of these four Auchenorrhyncha species relative to GY phytoplasma, and how these speciÞcities can change according to agroecosystems and seasons.
